One of the major challenges for pulsar timing array (PTA) experiments is the mitigation of the effects of the turbulent interstellar medium (ISM) from timing data. These can potentially lead to measurable delays and/or distortions in the pulse profiles and scale strongly with the inverse of the radio frequency. Low-frequency observations are therefore highly appealing for characterizing them. However, in order to achieve the necessary time resolution to resolve profile features of short-period millisecond pulsars, phase-coherent de-dispersion is essential, especially at frequencies below 300 MHz. We present the lowest-frequency (80-220 MHz), coherently de-dispersed detections of one of the most promising pulsars for current and future PTAs, PSR J2241−5236, using our new beam-former software for the MWA's voltage capture system (VCS), which reconstructs the time series at a much higher time resolution of ∼ 1 µs by re-synthesizing the recorded voltage data at 10-kHz/100-µs native resolutions. Our data reveal a dual-precursor type feature in the pulse profile that is either faint or absent in highfrequency observations from Parkes. The resultant high-fidelity detections have enabled dispersion measure (DM) determinations with very high precision, of the order of (2-6) × 10 −6 pc cm −3 , owing to the microsecond level timing achievable for this pulsar at the MWA's low frequencies. This underscores the usefulness of low-frequency observations for probing the ISM toward PTA pulsars and informing optimal observing strategies for PTA experiments.
INTRODUCTION
Millisecond pulsars (MSPs) are important targets for high-precision pulsar timing array (PTA) experiments, which involve regular monitoring of pulse arrival times from a celestial distribution of pulsars to search for ultra-low frequency (nHz) gravitational waves (e.g., Manchester et al. 2013; Demorest et al. 2013; van Haasteren et al. 2011; Janssen et al. 2015; Bailes et al. 2018) . To achieve the required ∼ 100 ns timing precision, it is important to ascertain various factors contributing to the timing noise budget (e.g., Cordes & Shannon 2010) . PTA efforts over the past few years suggest that the interstellar medium (ISM) propagation effects on pulsar signals are one of the major contributing factors and may ultimately limit the detection sensitivity of PTAs if they are not accurately measured and corrected for in timing measurements (Shannon & Cordes 2017; Jones et al. 2017; Levin et al. 2016; Cordes et al. 2016) .
The magnitudes of ISM effects scale strongly with the inverse of observing frequency. Therefore, PTAs generally observe pulsars at higher frequencies (∼ 1-2 GHz) to reduce the effects of the ISM (Lam et al. 2018) . Two dominant effects are: 1) dispersion, arising from propagation through intervening ionized gas, quantified as the integrated electron density along the line of sight of the pulsar, and is called the dispersion measure (DM); 2) pulse broadening, arising from multipath propagation in the turbulent ISM. The dispersion delay scales as ν −2 , and pulse broadening time as ∼ ν −4 (e.g., Bhat et al. 2004) , where ν is the observing frequency. Low-frequency observations of pulsars can therefore allow a robust characterization of ISM effects, unlike those at higher frequencies where their impact on timing measurements are not easily discernible. Low-frequency observations can also be used to investigate the recently proposed effects such as chromatic (frequency-dependent) DM, arising due to different path lengths traversed, or volumes sampled, at different frequencies, again owing to multipath propagation ). This may also have important implications for timing-array applications, as that would imply that correcting for ISM effects using lowfrequency data is not straightforward. Thus, detailed observational investigations over a wide range of frequencies will be very instructive.
Developments in low-frequency radio instrumentation and advances in computing over the past decade have revitalized pulsar astronomy at low frequencies. Instruments such as the Murchison Widefield Array (MWA; Tingay et al. 2013) , the Low Frequency Array (LOFAR; van Haarlem et al. 2013) , and the Long Wavelength Array (LWA; Taylor et al. 2012 ) have been built, and operational, and are opening up new opportunities for observing pulsars at frequencies below 300 MHz. The MWA is also a low frequency (80-300 MHz) precursor to the Square Kilometer Array (SKA). It has been recently upgraded, with a doubling of the number of tiles and maximum baseline, i.e. a 256-tile array extending out to ∼ 6 km (Wayth et al. 2018 ). With its voltage capture system (VCS; Tremblay et al. 2015) , which records data at 10-kHz/100-µs resolutions, the MWA has been producing a wide variety of pulsar science (e.g., McSweeney et al. 2017; Meyers et al. 2017; Xue et al. 2017) , including characterization of the ISM towards important southern-sky PTA targets (e.g., Bhat et al. 2014 Bhat et al. , 2016 Bhat et al. , 2018 .
For MSPs with short rotation periods (P 5 ms; where P is the period) and narrow pulse profiles, the 10-kHz channelization of VCS limits their detection, especially at the lower frequencies of the MWA. For example, a pulsar with a DM of 10 pc cm −3 will be smeared to 1.62 ms at 80 MHz. Fundamentally, this hampers the ability to resolve fine temporal features in the pulse profiles of MSPs. Thus, we require the ability for higher time resolution and phase-coherent de-dispersion to remove temporal smearing at the low frequencies of the MWA.
In this paper, we present early science results from our new and improved beamformer software, which allows re-synthesis of 1.28-MHz/0.78-µs voltage samples from 10-kHz/100-µs native resolutions of the VCS, by performing an inversion of the polyphase filterbank (PFB) operation prior to VCS recording. This is demonstrated using our observations of PSR J2241−5236, an important PTA target. The pulsar was discovered in targeted searches toward unassociated Fermi-LAT candidates, and has a period of 2.18 ms and a DM of 11.41 pc cm −3 (Keith et al. 2011) . The new beamformer has enabled the pulsar detections down to ∼ 80 MHz, thereby allowing us to study the ISM and spectral properties of the pulsar. In § 2 we describe the details of our observations. In § 3 and § 4 we summarize data processing and analysis, and in § 5 we present our results. Our conclusions are summarized in § 6.
OBSERVATIONS
Observations were made at three epochs, each separated by nearly ∼ 1 year, with the MWA-VCS, which records 24 coarse channels, each of which has been finely channelized to 10 kHz using a 12-tap PFB. It records both polarizations from a maximum of 128 tiles, and has an aggregate data rate of ∼ 28 TB hr −1 . The 30.72 MHz observing bandwidth currently feasible with the MWA can flexibly be recorded in either a contiguous band or can be split into 24 × 1.28 MHz coarse channels, which can be placed anywhere across the nominal operating frequency range (80-300 MHz). This distributed channel mode is particularly suitable for exploring frequencydependent effects such as pulse profile evolution, scintillation and scattering Kirsten et al. 2019) . The VCS data are transported to the Pawsey supercomputing facility, where all further processing, including calibration and beamforming, are carried out. Further details of the observations are summarized in Table 1 .
DATA PROCESSING
The VCS data can be processed to form a coherent beam by applying suitable phase rotations to each voltage stream and then summing them to generate a phased array signal (Ord et al. 2019) . It involves accounting for the polarimetric response for each tile and frequency channel by applying appropriate cable and geometric delays and complex gains (i.e. amplitudes and phases). Data are then calibrated using standard calibrators (e.g., Hydra A and 3C444), recorded in pointed observations prior to pulsar observations. The calibration solutions are generated for each tile and frequency channel using the Real Time System (RTS; Mitchell et al. 2008) , and tiles that produced poor calibration solutions are flagged. The full processing pipeline is implemented on the Galaxy cluster at the Pawsey Supercomputing Centre. These data are then processed using the standard pulsar data analysis packages DSPSR (van Straten & Bailes 2011) and PSRCHIVE (Hotan et al. 2004; van Straten et al. 2012 ) to generate multi-channel pulse profiles for further analysis.
Re-constructing the high-time resolution time series
High-quality MSP detections require coherent dedispersion, in which the received voltage signal is deconvolved using the transfer function of the ISM (Hankins & Rickett 1975) . While this technique has been routinely implemented in pulsar instrumentation around the world (e.g., van Straten & Bailes 2011), it was not possible earlier with the MWA due to our fine 10-kHz channelization and the filterbank format of beamformed data (writen in full-Stokes PSRFITS). With the new beamformer software, which reconstructs the data at a much higher time resolution by resynthesizing the coarse-channel voltage samples (by effectively inverting the fine PFB operation that produced the fine channels), it has become possible to generate data that are amenable for coherent de-dispersion.
The MWA fine channelization is implemented via a PFB with a 12-tap Kaiser window function, which is one of a class of window functions that allows theoretically perfect inversion of the PFB channelization process (Crochiere & Rabiner 1983; Oppenheim et al. 1999) 1 . The synthesis filterbank is achieved by first up-sampling the output of each 10-kHz fine channel to the initial time resolution (a factor of 128) and then passing them through a synthesis filter, which we choose to be the same filter used in the forward PFB stage, with an appropriately chosen phase ramp applied to each fine channel. Then each channel is low-pass filtered to remove the 127 images of the spectrum created by the up-sampling. The re-synthesized coarse channels have a time resolution of ∼ 0.78 µs and can be coherently de-dispersed to produce high-quality detections of MSPs at the MWA's frequencies. Further details of this are described in an upcoming publication (McSweeney et al. in prep) .
4. ANALYSIS 4.1. DM determination Figure 1 presents MWA detections of PSR J2241−5236 across the 80-220 MHz range. As evident from the figure, the pulsar is visibly bright across the ∼ 100-200 MHz frequency range. Using the best detection (signal-to-noise ratio; S/N ∼ 70), we created an analytic template, which is a noise-free profile model, composed of von Mises functions, generated using the PAAS utility of PSRCHIVE. The analytic template is then cross-correlated with the observed profiles to obtain the times of arrival (ToAs) using the PSRCHIVE package. The ToAs are then analyzed using the pulsar timing package TEMPO2 (Hobbs et al. 2006 ) to determine the DM. We adopted the latest available timing solution of the pulsar and only fit for DM in this analysis. As our observing system is configured as 24 individual frequency sub-bands, we derived the DM using a set 24 ToAs for every single observation.
As seen in Figure 1 , the pulse width is relatively unchanged throughout the observed frequency range 2 , and therefore for the purpose of the DM analysis, we assume that there is no significant pulse profile evolution within our observing band. Ideally, the profile evolution needs to be considered (cf. Pennucci 2019), however, our data quality is not adequate for a detailed analysis. The data are subsequently re-processed using the refined DM to obtain better quality pulse profiles. The related analysis is illustrated in Figure 2 , which shows pulsar signal across 80-220 MHz, with 12×2.56 MHz channels joined together. This detection is from MJD 57979 and corresponds to the brightest among all our observations. These profiles at 80-220 MHz are then averaged in frequency to generate a standard profile centered at 150 MHz, as shown in Figure 3 , which is then used as a final template for all observations to obtain the ToAs and DM measurements.
Flux density calibration
The flux density calibration for our data is carried out using the approach described by Meyers et al. (2017) . This involves estimating the system gain (G) by simulating the tied-array beam pattern and integrating the response across the visible sky for the phased-array configuration used for observing. The tied-array beam pattern is then combined with the Global Sky Model of de Oliveira-Costa et al. (2008) to calculate the antenna temperature (T ant ). Assuming a radiation efficiency (η) of unity, the system temperature (T sys ) is then T sys = T ant + T rec , where T rec is the measured receiver temperature. This process is conducted separately for each sub-band, as all of these quantities are strongly frequency dependent. While doing this, we also account for a "coherency factor" (cf. Meyers et al. 2017) , for any loss in sensitivity in the coherent beamforming process. This information is then used to estimate the flux density for all the observed frequency bands using the radiometer equation (Lorimer & Kramer 2004 ) and also by factoring in the duty cycle of the pulsar, which is equivalent pulse width (W) divided by the pulse period (W/P), where W is measured as integrated flux over the "on" pulse divided by the peak amplitude of the pulse.
RESULTS AND DISCUSSION
PSR J2241−5236 has so far been primarily studied at frequencies above 700 MHz, with the Parkes telescope (Dai et al. 2015; Keith et al. 2011) . Aside from a low S/N detection that was reported by Xue et al. (2017) , there are no other low-frequency observation of this pulsar in the published literature. Unlike other bright southern MSPs such as PSRs J0437−4715 and J2145−0750 (e.g., Bhat et al. 2018) , PSR J2241−5236 has a narrow pulse profile and shows little profile evolution within the MWA's band. Figure 3 presents the frequency-averaged profile centered at 150 MHz, and we measure a 10% pulse width (W 10 ) of ∼ 150 µs at 158 MHz, which is comparable to ∼130 µs measured at Parkes frequencies (∼ 1-3 GHz).
In general, MSPs tend to show quite complex and rapid profile evolution with frequency (e.g., Dai et al. 2015; Bhat et al. 2018 ). In the case of J2241−5236, while the main pulse shows little evolution with frequency, MWA observations reveal an interesting dual precursor type feature, which is less prominent at Parkes frequencies (see Fig 3) . On a closer examination of Figures 1 and 2 , it is evident that the precursor emission is persistent over a large fraction of the observed MWA Figure 1 . MWA detections of PSR J2241−5236 from observations made at MJD 57979. Data were coherently dedispersed at each of the 12×2.56 MHz bands. The pulsar is detected throughout the 80-220 MHz range; the resultant profiles (in colour) are overlaid with the detections using the previous system, at 10 kHz resolution (in grey), where the pulse profile is significantly broadened due to residual dispersive smearing within 10 kHz channels (4% to ∼ 80% of the pulse period).
band, where it is nominally seen at 10-15% of the pulse peak. However, its relative phase appears to be slightly offset (leftward) compared to that seen at Parkes frequencies. This could possibly be due to the spectral evolution of the profile. Observations at intermediate frequencies (∼ 300-700 MHz) would be useful to further investigate this.
DM measurements and precision
We initially de-dispersed the data using the catalogue DM of 11.41085 pc cm −3 . This revealed a clear quadratic sweep of approximately 0.4 ms as seen in Figure 2 . We subsequently reprocessed the data using our refined DM measurements, as summarized in Table 2 . Our measured DMs are consistently larger than the catalogue value. The average DM from all three observations is 11.411505 pc cm −3 , which may suggest an "excess" DM of 0.000655 pc cm −3 , compared to the catalogue value as reported in Keith et al. (2011) 3 . Such subtle changes can in principle arise due to effects such as chromatic (frequency-dependent) DMs, as recently theorised by Cordes et al. (2016) . The chromatic DM being a consequence of multi-path scattering, in general, one may expect a dependence on the degree of scattering. However, our current observations (where we distribute the recording bandwidth to sample multiple spot frequencies across a large frequency range) are not ideal for a meaningful scintillation analysis. In any case, there has been some observational evidence in support of excess DM at low frequencies, e.g. in the case of PSR J2145−0750, for which MWA and LWA measurements by Bhat et al. (2018) and Dowell et al. (2013) report a δDM of 0.006±0.003 pc cm −3 . More recently, DM variations have been reported for PSR J2219+4754 by Donner et al. (2019) and Lam et al. (2019) from LO-FAR observations, and have been attributed to chromatic DMs, although their interpretations differ. With only limited observational efforts to date to investigate this important effect, routine observations with lowfrequency instruments such as the MWA and LWA will be especially useful.
PSR J2241−5236 is a high-priority target for PTA applications (i.e. along the class of pulsars like J1909−3744 and J1744−1134). However, to date, there are no published measurements of temporal DM variations (on time scales of ∼ months to years) for this pulsar. As can be seen from Table 2, our observations suggest DM variations, δDM ∼ 10 −4 pc cm −3 , on timescales of ∼ 1-2 years. Since the observed DM variation is subtle, multiple different sources of origin can be considered. For example, the Solar wind is known to produce DM variations up to ∼ 10 −5 pc cm −3 (e.g., Kumar et al. 2013; Lam et al. 2016) , when observations are made very close to the Sun. However, this seems unlikely, as our observations were made at large Solar elongations ( 80 • ) , and as such the pulsar is far from the ecliptic plane. There has been some recent evidence that the companion winds can modulate the DM for binary pulsars. PSR J2241−5236 is in a 3.5-hr, almost circular orbit with a low-mass (∼ 0.01 M ⊙ ) black widow type companion. We may therefore expect subtle variations in DM as a function of the orbital phase, especially in light of the recent work by An et al. (2018) , who report orbital modulation in gamma-ray due to intra-binary shock emission. There has been observational evidence for such blackwidow like system with an ablating companion producing DM variations, e.g., PSR B1957+20 (Fruchter et al. 1990 ). However, in the case of J2241−5236, no eclipses have been seen as the inclination angle is likely large (Keith et al. 2011) , making this less probable. Moreover, our limited data and a sparse coverage of the orbit refrain us from making definitive comments on this.
The DM precision depends on the frequency lever arm, with the best precision achieved for the longest, which, in our case, is 80-220 MHz. As can be seen in Table 2 , this is in the range (2 − 6) × 10 −6 pc cm −3 , depending on the quality of detection. This is already an order of magnitude better than what is currently achievable at timing frequencies (3×10 −5 pc cm −3 ; Jones et al. 2017) , and even the most recent work of Donner et al. (2019) , who reach a similar level of precision. Since our analysis relied on the use of a single template (and not frequency-dependent templates that are ideal for wideband timing), there is indeed scope for considerable improvement as we accrue more data with the MWA. Furthermore, the measured DM variation (δDM), is about ∼ 3-10 times larger than our measurement uncertainties (see Table 2 ), highlighting the MWA's high sensitivity to measuring such subtle changes in DMs.
Spectral behavior at low frequencies
The pulsar spectra generally follow a single powerlaw S ν ∝ ν α , where S ν is the flux density at the observing frequency ν and α is the spectral index. However, there are exceptions, where the spec- 12.6 57707 11.41162(6) (6-9) × 10 −6
1.4 57979 11.41151(2) (2-7) × 10
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Note-The catalogue DM value for PSR J2241−5236 is 11.41085 pc cm −3 , with uncertainties of 3 × 10 −5 pc cm −3 † The achievable DM precision (σDM) varies depending on the frequency lever arm, which ranges from ∼140 MHz to ∼10 MHz in our analysis (see Table 1 and Figure 1 ).
tral form tends to either steepen, or flatten, or even turns over (e.g., Kramer et al. 1998; Maron et al. 2000; Jankowski et al. 2018) . MSP spectra were initially reported to be steeper, compared to those of long-period pulsars (Toscano et al. 1998) . However, the later work by Kuzmin & Losovsky (2001) claimed a lack of lowfrequency spectral turnover for MSPs. More recent work by Dai et al. (2015) suggests a possible turnover for at least a few pulsars, and the work by Kondratiev et al. (2016) , at frequencies below 300 MHz, suggests that for many MSPs their measured flux densities are lower than the predicted ones, again hinting at a possible spectral turnover. port α = −1.3 ± 0.1. This discrepancy is likely due to their use of comparatively less reliable measurements (at ∼ 1 GHz) and the measurements from continuum imaging data (at lower frequencies).
A closer examination of Parkes data suggests that the spectrum is steeper for most of the main pulse (−3.0 < α < −2.5), and shallower towards the trailing side of the main pulse (> −2.5; see Figure A24 , Dai et al. 2015) . Given the prominence of precursor emission (∼ 10−15% of the pulse peak, which corresponds to ∼ 380 mJy at 158 MHz) in the MWA band, we can place an upper limit on its spectral index (α PC < −3.7), which may indicate a likely spectral steepening at low frequencies. The other plausible cause is possible frequency evolution of the pulse profile, which would require further detailed investigations using the wideband instrumentation now available at the Parkes and Giant Metrewave Radio Telescopes, preferably from observations conducted simultaneously with the MWA.
The recent discoveries of MSPs at low frequencies (Bassa et al. 2017; Lynch et al. 2018) re-affirms the general trend of MSPs exhibiting steeper spectra, which is also consistent with our recent work (e.g., Bhat et al. 2018) . This is encouraging from the perspective of finding new pulsars using current and next-generation lowfrequency telescopes such as the low-frequency SKA.
CONCLUSIONS
The development of a new software beamformer for MWA pulsar processing has enabled high-quality low-frequency detections of the short-period MSP J2241−5236, a top-priority target for PTA applications. By inverting the polyphase filter-bank operation that was performed prior to the VCS recording, the new beamformer produces high-time resolution (∼ 1 µs) voltage time series data that are amenable for phase-coherent de-dispersion. With the resultant high-fidelity detections, we are able to achieve a timing precision of the order ∼ 1 µs at the low frequencies of the MWA, which allowed us to measure the pulsar DM with a very high precision, of the order of (2-6) × 10 −6 pc cm −3 . This provides an excellent demonstration of the MWA's capability to monitor subtle DM variations (∼ 10 −4 pc cm −3 ) reliably for southern pulsars. The DM precision, and the sensitivity to DM changes, can be further improved in future as more observations accrue and the use of frequency-dependent templates becomes possible. Given PSR J2241−5236 is fast emerging as one of the high-priority targets for current and future PTAs, DM excess and/or variation at the level of ∼ 10 −4 pc cm −3 deserves particular impor-tance, as any residual uncorrected DM variations can impact the achievable timing precision.
Our observations also reveal a dual-precursor type feature in the pulse profile, which appears to be far less prominent at higher frequencies from Parkes. The precursor emission appears to have a steeper spectrum than that of the main pulse. The estimated spectral index for pulsar's main pulse emission α MP = −2.25 ± 0.10, and there is no sign of any turnover within the observed MWA band. This is consistent with the general trend from other recent studies of MSPs and is promising for their low-frequency studies in general, particularly for finding new ones at low frequencies.
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